Abstract: We report a novel nonlinear optical phenomena, relativistic cross-phase modulation between Raman light and a high intensity laser pulse in an underdense plasma. The experimental spectra compared well with calculations from a proposed theoretical model.
Introduction
Nonlinear optics has been an active research area for decades, ever since lasers reached power levels sufficient to drive atomic electrons anharmonically, and thus modulate the refractive index of an optical medium. With the more recent development of chirped pulse amplification (CPA) [1] , peak laser power can now reach the multi terawatt level, which, when focused to spot sizes of a few microns, can produce peak intensity that can easily exceed 1 x 1018 Wcm-2. Such high laser intensity drives electrons in plasma relativistically, providing a different mechanism to modulate the refractive index, and forming the basis for a new regime of nonlinear optics [2] . In this paper, we present experimental results demonstrating relativistic cross-phase modulation (RXPM) of one light pulse (generated by forward Raman scattering) by a separate, relativistically intense, light pulse in a plasma.
Experiment
The experiment was conducted with a 400 fs (FWHM), P-polarized, Ti-sapphire/Nd-glass hybrid laser system with a 1.053 ,um central wavelength at the University of Michigan FOCUS center. The 2-inch laser beam was focused by an f/3 parabola onto the edge of a helium gas target generated by a 1.2 mm diameter supersonic nozzle. The focused laser spot diameter was 12 ,im FWHM, which contained 60% of the laser energy. In the experiment, the laser power was varied from 0.45 TW to 2.4 TW. Accordingly, the peak intensity was varied from 2.4 x 1017 Wcm-2 to 1.3 x 1018 Wcm-2. The experimental setup is illustrated in Fig. 1 . A 2-inch diameter lens with a 30 cm focal length was used to collimate the light propagating in the forward direction, and then a parabolic mirror focused the collimated light to a spectrometer, which has a detection range from 650 nm to 1100 nm, with a resolution of 1.3 nm. To improve the contrast of the intensity of the forward Raman satellite with respect to that of the laser, two high reflectors at laser wavelength (R > 98%) were used to reflect the laser beam, and various combinations of neutral density filters were put in front of the spectrometer to further reduce the light intensity. The laser-plasma interaction distance was monitored from the top of the gas jet by imaging Thomson scattered light from the channel onto a CCD camera. 
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The forward Raman signal was first observed at a laser power of 0.45 TW and a valve backing pressure of 800 PSI at a wavelength of 905 nm. The intensity of the Raman satellite signal increased with increase of the laser intensity. The bandwidth of the Raman light was also broadened. As shown in Fig. 2 Another noteworthy aspect of the modulated Raman spectrum was that it was broadened asymmetrically when the laser power reached 2.4 TW. This asymmetric broadening was due to the group velocity mismatch between the laser and the Raman pulse. Because plasma is an anomalous group-velocity dispersion (GVD) medium, the antiStokes Raman signal has higher group-velocity than that of the laser pulse. As a result, more of the Raman signal's energy rides on the rising edge of the laser pulse than on the falling edge. Since the rising part of the laser pulse introduces a red shift, the broadened Raman spectrum has higher intensity on the red-shifted side than the blue-shifted side.
Analysis
RXPM originates from the intensity-dependent refractive index of plasma, which is given by n = 1 -wp/O where wp is the plasma frequency and wo is the central laser frequency. The intensity dependent term is embedded in the expression of the plasma frequency, which is given by wp = v4/r-nee2/meoy, where ne is the plasma density, and 7y is the relativistic factor of the electrons, which depends on the intensity of the laser field. For a linearly polarized laser field, -y is equal to /1 + a2/2, where a = eE/mewc = 8.5 x 10-'0A[ m]I1/2[W cm2] is the normalized vector potential of the laser field. For an underdense plasma, w 2 « z , the plasma refractive index can be Taylor expanded, and written as n 1 -w/2w2 -1 -ne/2n,cy, where n, is the critical electron density and is equal to wome/47re2. When a < 1, the plasma refractive index can be further simplified by expanding about a, which results in n 1 -(1 -a2/4)ne/2nc = ni + n2I, where ni = -ne/2nc and n2 = (8.5 x 10 10A[,um])2ne/8nu. This formula predicts phase modulation and self-focusing in the nonlinear medium. In our experiment, the plasma density is about 0.02nm, and the normalized vector potential of the laser field is varied from 0.4 to 1, so the above simplification is valid.
To further simplify the theoretical analysis, we assume that the plasma is a lossless medium and there is no pump depletion. Because the intensity of the Raman light signal is much weaker than that of the laser beam in our experiment, self-phase modulation of the Raman pulse and its cross phase modulation of the laser beam can be neglected. When the laser pulse undergoes self-focusing, the variation of laser spot size along propagation direction can be neglected and the transverse distribution of electric field is independent of propagation distance z. With these assumptions, the propagation of the laser and stimulated Raman signal can be described by the coupled nonlinear Ap(L, T) = Ap(O, T) exp(iJpqp),
As(L, T) As(0, T + Ld) exp((g,/2 +i68)+), 
where r t/To, s = Ld/To and Po is the laser power. Using the parameters for our experimental conditions, the Raman spectral intensity, As(L, T) 12, can be plotted. Fig. 3 shows reasonable agreement between the theoretical predictions and experimental observations.
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